We have developed a simple and scalable graphene patterning method using electron-beam or ultraviolet lithography followed by a lift-off process. This method, with the merits of: high pattern resolution and high alignment accuracy, being free from additional etching or harsh processes, being universal to arbitrary substrates, and being compatible to Si microelectronic technology, can easily be applied to diverse graphene-based devices, especially in array-based applications, where large-scale graphene patterns are desired. We have applied this method to fabricate CdSe nanobelt (NB)/graphene Schottky junction solar cells, which have potential applications in integrated nano-optoelectronic systems. A typical as-fabricated solar cell shows excellent photovoltaic behavior, with an open-circuit voltage of $0.51 V, a short-circuit current density of $5.75 mA cm
Introduction
Graphene, a new class of two-dimensional, conjugated, honeycomb lattice structured carbon material, has drawn widespread attention owing to its fascinating physical properties, such as quantum electronic transport, 1,2 high electrical conductivity, 3 ultrahigh mobility, 4 high elasticity, 5 and high transparency. 6 The recent advances in the large-scale synthesis of graphene by chemical vapor deposition (CVD) on Ni 7, 8 and Cu 9, 10 films open up various macroscopic applications of graphene, including light-emitting diodes, 11 solar cells, 12 transistors, 13 and nanogenerators. 14 However, key technical challenges remain in several areas, such as improving film uniformity, scaling-up to large-area patterning techniques for array-based applications etc. 10, 15 So far, a variety of techniques have been reported in an effort to solve the latter problem, including spatially selective CVD, 16 transfer printing using polydimethylsiloxane (PDMS) or transfer stamping using highly oriented pyrolytic graphite (HOPG) stamps, 17, 18 conventional photolithography followed by O 2 reactive ion etching (RIE), 19 and helium ion ablation. 20 These methods suffer from a variety of limitations, such as insufficient resolution, 16 high cost, 17, 18 complex or inconvenient processing steps, 20 and/or processinduced damage of electronic properties.
19
In this communication, we report a simple and scalable graphene patterning method using electron-beam lithography (EBL) or ultraviolet (UV) lithography followed by a lift-off process. This method has the merits of: high pattern resolution and high alignment accuracy, being free from additional etching or harsh processes, being universal to arbitrary substrates, and being compatible to Si microelectronic technology, and can easily be applied to diverse graphene-based devices, especially in array-based applications, where fabricating and aligning large-scale graphene patterns with high resolution and high alignment accuracy are desired.
CdSe, due to its suitable bandgap (1.74 eV) for solar light absorption, is an important photovoltaic (PV) material, and has attracted more and more attention recently. 21, 22 Graphene has good transparency and conductivity, and can, in principle, form a good Schottky contact with CdSe. We have utilized the developed graphene patterning method to fabricate CdSe nanobelt (NB)/graphene Schottky junction solar cells. 
Experimental section
Both the n-CdSe NBs 24 and the graphene 25 used in this work were synthesized via the CVD method. For synthesis of large-scale uniform monolayer graphene, a quartz boat loaded with the Cu foils was placed in a furnace, then the system was evacuated and heated to 1000 C under a 10 cm 3 a flow-rate of 1.1 cm 3 min À1 was introduced at a pressure of about 60 Pa for 15 min. After the growth, the substrates were cooled down to room temperature.
The as-synthesized graphenes were transferred by the stamp method with the help of PMMA 7 to Si/SiO 2 (300 nm) substrates for Raman and electrical property characterization, and to quartz substrates for transparency characterization. The Raman measurements were performed with a microzone confocal Raman spectroscope (Renishaw inVia microRaman system) equipped with a color charge-coupled device (CCD). The excitation wavelength was 514 nm. The electrical property was measured by a Hall measurement system (Accent HL5500). The transparency was measured by a UVvis-NIR recording spectrophotometer (Shimadzu UV-3100). The room-temperature electrical transport and PV properties of the CdSe NB/graphene Schottky junction solar cells were characterized with a semiconductor characterization system (Keithley 4200) and a solar simulator (Newport 91160-1000) with a calibrated illumination power density of 100 mW cm À2 . Fig. 1 shows a schematic illustration of the simple and scalable graphene patterning processes. First, large-scale graphene was synthesized on a Cu foil by the CVD method (Fig. 1a) . After a layer of PMMA (200 nm) was spun on the graphene (Fig. 1b) , the underlying Cu foil was etched using 1 M FeCl 3 solution (Fig. 1c ) for 1-2 h. The graphene/PMMA film floating in the etchant was then collected manually and placed into deionized (DI) water. The device substrate (the Si/SiO 2 substrate in our case) was prepared as follows: first, a layer of PMMA (200 nm) was spun on it (Fig. 1d) . Then, EBL (FEI Strata DB 235) was employed to pattern the PMMA into the desired shapes, with high resolution, at the desired locations, with high alignment accuracy (Fig. 1e) . After that, the graphene/PMMA film floating on the DI water was manually collected onto the patterned device substrate (Fig. 1f) . The flexibility of the graphene/ PMMA film lets it conform into the windows area and contact with the bare devices substrate. There exists a strong adhesive interaction between graphene and SiO 2 .
26 This adhesion can be further enhanced by a heat treatment. 27 Lastly, all of the PMMA was dissolved in acetone (Fig. 1g) . During this process, the buoyancy force will drive the graphenes atop the PMMA to separate from those adhered to the SiO 2 and float up to the surface of the liquid. This process is similar to a lift-off process. It is worth noting that UV lithography, which has the advantage of manufacturing large-area graphene patterns on basically arbitrary substrates, can also be used to replace EBL in this method (as demonstrated below). Fig. 4a shows a schematic illustration of the CdSe NB/graphene Schottky junction solar cell. One In/Au (10/100 nm) ohmic electrode was prepared at one end of the CdSe NB by UV lithography, thermal evaporation, and lift-off processes. The graphene film was made on the other end of the NB with the developed graphene patterning method using UV lithography.
Results and discussion Fig. 2a-e show field-emission scanning electron microscope (FESEM) images of the patterned graphene fabricated by EBL, with the shapes of micro-scale squares, triangles, letter As, nano-scale cirques and lines, respectively, on SiO 2 /Si substrates. The edges of these patterns are sharply demarcated from the substrates. Here, the minimum linewidth is $350 nm. It is worth noting that the heat treatment (90 C, 30 min in our case) is needed before the lift-off process. Moreover, the thinner the PMMA, the smaller the structure size of graphene that can be obtained. The right panel of Fig. 2f shows an optical image of a patterned graphene fabricated with UV lithography (the photoresist thickness is about 1.0 mm) on a flexible transparent substrate. We can see that the macro-scale graphene pattern faithfully copies the feature on the photomask (the left panel).
Before utilizing this graphene patterning method to fabricate CdSe NB/graphene Schottky junction solar cells, the synthesized graphenes were characterized. Fig. 3a shows a typical ) is weak, indicating the high quality of the graphene. Fig. 3b shows the transparency spectrum of the graphene. It can be seen that high transparency (>98%) occurs in the wavelength range longer than 500 nm. The typical sheet resistance of the graphenes is about 345 U ,
À1
. An FESEM image of an as-fabricated CdSe NB/graphene Schottky junction solar cell is shown in Fig. 4b . The Au (100 nm) electrode, which can form an ohmic contact with the graphene, was used later on for welding purposes.
The mechanism of Schottky junction solar cells can be qualitatively understood by plotting the energy band diagram. Fig. 5a shows the energy diagram of a CdSe NB/graphene Schottky junction solar cell under illumination. Due to the work function difference between the graphene (F G $ 4.66 eV) 29 and CdSe (F CdSe $ 4.2 eV), 30 a built-in potential (V i ) forms in the CdSe near the CdSe NB/graphene interface. Under illumination, the photogenerated holes (h + ) and electrons (e À ) are driven toward the Schottky electrode (graphene film) and CdSe NB, respectively, by the built-in electric field. When the solar cell is open-circuited, the separated photogenerated electrons and holes will produce an open-circuit voltage V OC . When the solar cell is short-circuited, the extracted photogenerated carriers will transit through the external circuit, generating a short-circuited current I SC . Fig. 5b shows the room-temperature I-V characteristic (in the dark) of the solar cell depicted in Fig. 4b on a semi-log scale. We can see that the I-V curve shows an excellent rectification characteristic.
An on/off current ratio of $7.5 Â 10 4 can be obtained when the voltage changes from +1 to À1 V. For Schottky junction diodes made on high-mobility semiconductors, such as Si and CdSe etc., the current I is determined by the thermionic emission of electrons and can be described by the equation
31 where I 0 is the reverse saturation current, e is the electronic charge, V is the applied bias, n is the diode ideality factor, k is the Boltzmann constant, and T is the absolute temperature. By fitting the measured I-V curve with the above equation, we obtain n ¼ 1.17. Here, n is quite close to the value of an ideal Schottky junction (n ¼ 1). 32 All of these results indicate that the graphene film has formed a good Schottky contact with the CdSe NB. 30 Therefore, we can estimate the corresponding energy conversion efficiency (h ¼ FF$J SC $V OC /P in , P in : illumination light power density, 100 mW cm
À2
) to be about 1.25%. We attribute the high performance of the CdSe NB/graphene Schottky solar cell to the high-performance graphene Schottky electrode fabricated with the developed graphene pattering method. It is worth noting that we have also fabricated CdSe NB/graphene Schottky junction solar cells with the most common graphene patterning method of UV lithography followed by the O 2 RIE process (not shown here). 19 Typical energy conversion efficiency for them is about 0.81%. We think that the RIE process may induce certain damage to graphene and/or the CdSe NB, which will further account for the noticeable decline in the device performance. 
Conclusion
In summary, we have developed a simple and scalable graphene patterning method using electron-beam or UV lithography followed by a lift-off process. This method will accelerate the application of graphene in diverse optoelectronic and electronic devices, especially in large-scale graphene array-based applications. Novel CdSe NB/graphene Schottky junction solar cells were fabricated using this developed graphene patterning method. Typical as-fabricated solar cells show excellent PV behavior with an AM 1.5 G energy conversion efficiency of up to 1.25%. These high-performance CdSe NB/graphene Schottky junction solar cells are promising candidates for novel third generation solar cells, which have potential applications in integrated nano-optoelectronic systems.
